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Abstract
The mononuclear ruthenium tricarbonyl derivative mer-[Ru(CO)3(sha)], 1, was synthesized from the reaction of [Ru3(CO)12]
with N-salicylidene-2-hydroxyaniline (shaH2) Schiff base. The corresponding reactions of the ruthenium cluster with shaH2 in the
presence of a secondary ligand L, L = 2-aminobenzimidazole, thiourea, pyridine, and triphenylphosphine, resulted in formation of
the dicarbonyl derivatives [Ru(CO)2(sha)(L)], 2–5. The two carbonyl groups in these complexes were attached to the metal in a cis
arrangement. In case of bipyridine (bpy) as a secondary ligand the [Ru(CO)2(shaH)(bpy)], 6, where the two CO moieties in a trans
position. All the complexes were characterized by elemental analysis, mass, infrared and 1H nuclear magnetic resonance spectra.
The ultraviolet–vis spectra of the complexes showed broad visible bands due to metal-to-ligand charge transfer. The stereochemistry
and theoretical optimization of the three-dimensional geometry of the ligand and the complexes were determined.
© 2014 Taibah University. Production and hosting by Elsevier B.V. All rights reserved.
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Much attention is being directed to the chemistry
of ruthenium because of its promising photochemical
and catalytic properties [1,2]. Ru(II) carbonyl complexes
containing O,N-donor ligands and heterocyclic bases
show redox properties as well as biological activity
[3]. For example, Ru(II) carbonyl complexes contain-
ing bidentate Schiff bases and triphenylphosphine or
pyridine were found to be efficient catalysts in the∗ Corresponding author. Tel.: +20 1062221503.
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http://dx.doi.org/10.1016/j.jtusci.2014.03.002oxidation of alcohols to aldehydes in the presence of
N-methylmorpholine-N-oxide as a co-oxidant [4,5]. Fur-
thermore, ruthenium carbonyl carboxylate complexes
containing bipyridine ligands have good catalytic activ-
ity in the homogeneous hydrogenation of C C and C O
bonds in hydroalcoholic solvents, which is an environ-
mentally friendly process [6].
Although Ru(I) complexes usually exist in dimeric
forms, such as [Ru(OAc)(CO)2(dpa)]2, dpa = di(2-
pyridyl)amine and [Ru2(C6H5CO2)2(CO)4(pyridine)2]
[7,8], few such complexes have been reported with
a mononuclear structure. Reaction of [Ru3(CO)12]
with salicylideneimine-2-thiophenol (satpH2) Schiff
base gave [RuI(CO)4(satpH)] complex and spectro-
scopic and magnetic studies of the complex revealed
that it was paramagnetic with an octahedral arrange-
ment [9]. Our interest in the coordination chemistry
of low-valent ruthenium complexes, especially with
molecularly designed Schiff base ligands, prompted
us to investigate the reactions of [Ru3(CO)12] with
N-salicylidene-2-hydroxyaniline (shaH2) alone and in
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.  Materials  and  Methods
.1.  Reagents
[Ru3(CO)12], pyridine, triphenylphosphine, 2-
minobenzimidazole, thiourea and 2,2′-bipyridine
ere purchased from Aldrich. N-Salicylidene-2-
ydroxyaniline was prepared as described elsewhere
10]. All the solvents used were of analytical grade
nd were purified by distillation according to standard
ethods.
.2.  Instruments
Infrared (IR) measurements (KBr pellets) were car-
ied out on a Shimadzu 8000 Fourier transform IR
pectrometer. Electronic absorption spectra were mea-
ured on a Unicam UV2-300 ultraviolet (UV)–vis
pectrophotometer. The spectra of the complexes were
etermined in various solvents (dimethylformamide,
enzene, tetrahydrofuran and CH2Cl2) at concentrations
f about 1 ×  10−5 M. 1H Nuclear magnetic reso-
ance spectra measurements were determined on a
arian-Mercury 300 MHz spectrometer. Samples were
issolved in (CD3)2SO with tetramethylsilane as the
nternal reference. The complexes were also character-
zed by elemental analysis (Perkin-Elmer 2400 CHN) of ligands.
and mass spectrometry (70 eV, EI, Finnigan MAT SSQ
7000 spectrometer). Table 1 lists the color, yield, ele-
mental analysis, and mass spectrometry data for each
complex.
2.3.  Synthesis  of  complexes
2.3.1.  Synthesis  of  [Ru(CO)3(sha)]  complex  (1)
A mixture of [Ru3(CO)12] (0.1 g, 0.16 mmol), shaH2
(0.1 g, 0.47 mmol) and benzene (about 30 cm3) was
heated to reflux for 2 h. The color of the solution changed
from orange to dark gray. The reaction mixture was
cooled and the solvent was removed by evaporation.
The solid residue was washed several times with boil-
ing petroleum ether and then recrystallized from hot
benzene.
2.3.2. Syntheses  of  [Ru(CO)2(sha)L]  complexes
(2–5)
A mixture of [Ru3(CO)12] (0.1 g, 0.16 mmol), shaH2
(0.1 g, 0.47 mmol) and L (pyridine, triphenylphosphine,
thiourea and 2-aminobenzimidazole in benzene (about
30 cm3) was heated to reflux for 3–4 h. The reaction mix-
ture was then cooled, and the solvent was removed by
evaporation. The complex was washed several times with
boiling petroleum ether and then recrystallized from hot
benzene.
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Table 1
Elemental analysis and mass spectrometry data for the ruthenium complexes.
Complex Elemental analysis, Found (Calc.) Mass spectrometry
C% H% N% Mol. Wt. m/z
1 48.41 (48.49) 2.35 (2.29) 3.50 (3.53) 396.32 397 (P+)
2 53.64 (53.69) 3.22 (3.15) 5.98 (6.26) 447.41 420 (P-CO)+
3 62.81 (62.85) 3.92 (3.84) 2.15 (2.22) 630.60 631 (P+)
4 40.11 (40.17) 2.98 (2.92) 7.11 (7.15) 448.41 449 (P+)
5 52.63 (52.69) 3.27 (3.21) 
6 57.08 (57.14) 3.40 (3.45) 
2.3.3.  Synthesis  of  [Ru(CO)2(shaH)(bipyridine)]
complex (6)
The procedure used was similar to that for the syn-
thesis of complexes 2–5.
2.4.  Computational  details
All the calculations were performed as described pre-
viously [11].
3.  Results  and  discussion
3.1.  IR  and  NMR  studies
A series of ruthenium carbonyl Schiff base complexes
(1–6) was synthesized from the reactions of [Ru3(CO)12]
with N-salicylidene-2-hydroxyaniline (shaH2) alone or
in presence of a secondary ligand (triphenylphosphine,
pyridine, 2-aminobenzimidazole, thiourea, and bipyri-
dine). The Schiff base shaH2 ligand can act as a
Table 2
Important IR data for shaH2 and its ruthenium complexes.
Compound (C N) (C-O) (OH) 
shaH2 1631 (s) 1274 (m) 3422 (m)
1243 (m)
1 1603 (s) 1279 (m) –
1246 (m) 
2 1603 (s) 1273 (m) –
1245 (sh) 
3 1606 (s) 1277 (m) –
1246 (w)
4 1602 (s) 1272 (s) –
5 1611 (s) 1276 (b) –
6 1603 (s) 1282 (m) 3420 (b)
1251 (m)11.13 (11.17) 501.46 474 (P-CO)+
7.92 (8.00) 525.51 526 (P+)
bidentate or a tridentate donor ligand, depending on the
reaction conditions (e.g. oxidation state of the metal
ion) [10,12]. The IR spectrum of the free Schiff base
exhibited a strong band at 1631 cm−1 due to the azome-
thine group. In the spectra of all complexes, this band
was shifted to the region 1602–1611 cm−1, indicat-
ing the coordination of the Schiff base through the
azomethine nitrogen atom [12] (Table 2). The bands
at 1274 and 1243 cm−1 in the shaH2 ligand have been
attributed to phenolic C O stretching. On complexa-
tion, these bands shift to higher frequencies. (Ru O)
and (Ru N) bands were observed in the 533–574
and 426–500 cm−1 regions, respectively. In addition,
all other characteristic bands due to triphenylphos-
phine, pyridine, 2-aminobenzimidazole, thiourea, and
bipyridine were shifted to higher frequencies indicat-
ing coordination of these ligands to ruthenium species
(Table 2). The 1H NMR spectra of the ligand and com-
plexes 1–5  also confirmed the binding of the Schiff
base and the secondary ligand to ruthenium (Table 3).
(C O) (Ru-O) (Ru-N)
 – – –
 2052 (s) 533 (m) 460 (w)
1981 (s)
1941 (s)
 2117 (s) 533 (m) 470 (w)
1972 (s)
 2046 (m) 557 (m) 426 (w)
1971 (s)
 2024 (s) 532 (m) 500 (w)
1980 (s)
 2020 (s) 574 (m) 493 (w)
1954 (s)
 1970 (s) 533 (m) 493 (w)
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Table 3
Important 1H NMR data for shaH2 and its ruthenium complexes.
Compound 1H NMR data (ppm)
shaH2 6.95–7.66 (m, Ph), 9.03 (s, N CH), 13.75 (bs,OH).
1 6.68–7.48 (m, Ph), 9.19 (s, N CH).
2 6.85–7.28 (m, Ph), 7.36 (d, py), 7.52–7.66 (m, Ph),
8.59 (d, py), 8.98 (dd, py), 9.19(s, N CH).
3 6.69–7.82 (m, Ph), 9.20 (s, N CH).
4 5.36 (bs, NH), 6.72–7.85 (m, Ph), 9.03 (s, N CH).
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he spectra showed lower field shifts in the region
.00–8.96 ppm assigned to the aromatic protons of
he sha, pyridine, triphenylphosphine, thiourea, and 2-
minobenzimidazole moieties [13,14].
The IR spectrum of [Ru(CO)3(sha)] complex, 1,
xhibited three bands in the terminal metal carbonyl
egion at 2052, 1981, and 1941 cm−1, indicating the
resence of three CO groups attached terminally to
uthenium [15]. The number and pattern of bands in
he IR spectrum indicated that the complex exists in a
er-[Ru(CO)3(sha)] structure with a symmetry 2a1 + b1
16]. On comparison, the IR spectrum of the previously
eported [Ru(CO)3(maleic hydrazide)] complex showed
hree bands at 2054, 1987, and 1920 cm−1 due to three
O groups bound to the metal [17]. Interestingly, the
and due to the two OH groups of the shaH2 ligand
isappeared from the spectrum of the complex, as also
onfirmed by 1H NMR spectroscopy. Elimination of the
ydrogen from the OH groups indicated that the metal
oordinated to the ligand oxidatively [18–20]. From the
lemental analysis and spectroscopic data, it can be con-
luded that the ruthenium species exists in an octahedral
nvironment with a 2+ oxidation state (d6) and a low
pin electronic configuration (Scheme 2).
The IR spectra of the four complexes
Ru(CO)2(sha)L], where L = pyridine, 2, triphenylphos-
hine, 3, thiourea, 4, and 2-aminobenzimidazole, 5,
xhibited symmetric and asymmetric stretching vibra-
ions (a1 + b1) in the terminal metal carbonyl region
Ru
Scheme 2. Proposed structure of [Ru(CO)3(sha)] complex.thiourea (4) or 2-aminobenzimidazole (5)
Scheme 3. Proposed structures for complexes 2–6.
due to two CO groups attached to ruthenium (Table 2).
The existence of two bands for two CO groups bound
to a metal indicates that they are in a cis  position.
The IR and NMR spectra of the complexes showed
disappearance of the OH band-signal of the Schiff base,
indicating that the ligand bound to the metal with the
displacement of the two OH protons, i.e., the metal was
in a 2+ oxidation state. Therefore, the ruthenium metal
would expect to have a six coordinate arrangement in
which the Schiff base bound from its tridentate donor
atoms in addition to two terminal carbonyl groups and
the secondary monodentate ligand. Scheme 3 shows the
proposed structure of the complexes.
The IR spectrum of the complex
[Ru(CO)2(shaH)((bipyridine)], 6, showed a (OH)
stretching frequency at 3420 cm−1. It also displayed a
strong band (a1g) in the terminal metal carbonyl region
due to two CO ligands attached to the metal [21,22].
The 1H NMR spectrum of 6  showed no signals for
the ligands protons, which is a characteristic feature
of paramagnetic species. Magnetic susceptibility
measurement of the complex at 298 K showed an
effective magnetic moment μeff of 1.56 μB. The μeff
value is slightly smaller than the spin-only moment
of an unpaired electron (1.73 μB). Thus, it can be
concluded that a change in the formal oxidation state
of the ruthenium atom from zero to 1+ was achieved
via oxidative addition of the shaH2 ligand to ruthenium
with a proton displacement to give a low-spin d7
electronic configuration [19]. Therefore, according to
the spectroscopic studies, the complex might have the
structure proposed in Scheme 3.
3.2.  Stereochemistry  of  complexes
In investigating the stereochemistry of the most sta-
ble complexes, we first focused on the structure of the
shaH2 molecule and specifically on the orientation of
its terminal functional groups with respect to each other
and to the central azomethine moiety. An energetically
262 O.A.M. Ali et al. / Journal of Taibah University for Science 8 (2014) 258–264Fig. 1. Optimized three-dimensional structure of shaH2 ligand.
stable model (19.45 kcal/mol) showed a specific fea-
ture, whereby one of the hydroxyl groups was oriented
towards the azomethine nitrogen to form a hydrogen
bond (N H distance = 2.53 A˚, Fig. 1). In addition, it can
be observed that the structure is not planar; the hydroxyl
group that is not involved in the hydrogen bonding is bent
away from the plane and contains the imine and the other
hydroxyl group in order to reduce the steric repulsion.
The dihedral angle between the two planes was found to
be 65.2◦. This orientation suggests that the ligand coor-
dinates to the metal through the azomethine nitrogen and
one hydroxyl group acts as a bidentate ligand or acts as
a tridentate with the coordination of additional hydroxyl
oxygen atoms.
For the [Ru(CO)3(sha)] complex, an energetically sta-
ble model with distorted octahedral geometry was found
to have about 99.23 kcal/mol, which is consistent with
the spectroscopic findings (Fig. 2). The bonding between
Ru and the sha moiety was determined from distance
and angle analysis, showing bond lengths for Ru N
and the two Ru O of 1.94, 1.89, and 1.90 A˚, respec-
tively. Optimized angles for N Ru O (six membered
Fig. 2. Optimized three-dimensional structure of [Ru(CO)3(sha)]
complex.Fig. 3. Optimized three-dimensional structure of
Ru(CO)2(sha)(thiourea) complex.
cycle), N Ru O (five-membered cycle) and O Ru O
are 96.1, 75.8, and 171.1◦, respectively. The three car-
bonyl groups bound to the central Ru species form a
T-shape to complete the octahedral coordination. The
bond angle between the two trans  COs is 175.6◦, while
the angles between the CO groups in the cis  positions
are 91.5◦ and 91.4◦.
The four Ru(CO)2(sha)L complexes were optimized
at the same level of theory. Fig. 3 illustrates the minimum
energy optimized structure of Ru(CO)2(sha)(thiourea)
complex as an example. The significant feature of these
structures is the distorted octahedral coordination around
the ruthenium species. For example, the bond angles
involving ruthenium in the Ru(CO)2(sha)(thiourea)
complex are: S Ru N = 163.3◦, S Ru O = 107.3◦,
S Ru CO = 85.5◦ and C Ru O = 82.5◦. To release the
steric effect, the two CO groups were bent, forming an
OC Ru CO angle of 89.4◦ with a cis  configuration. The
cis configuration is consistent with the order of the sym-
metric and asymmetric stretching frequencies in the IR
spectrum of the complex.
In the case of the Ru(CO)2(shaH)(bipyridine)
complex, where the secondary ligand is the biden-
tate bipyridine ligand, the energetically stable model
(476.17 kcal/mol) shows different structural arrange-
ments from those of the monodentate ligands (Fig. 4).
The shaH moiety is attached to Ru as a bidentate ligand
and the two CO groups are bound to the metal in a
trans fashion (OC Ru CO bond angle, 173.2◦), which
is consistent with the IR studies. Also, the hydroxyl
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Fig. 4. Optimized three-dimensional structure of
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Table 4
The UV–vis data for shaH2 and its ruthenium complexes.
DMF THF CH2Cl2 C6H6
shaH2 272 268 270 268
356 352 357 356
1 275 274 275 277
354 326 289 293
403 (b) 402 (b) 400 (b) 400 (b)
2 280 281 260 274
313 327 282 290
410 (b) 413 (b) 411 (b) 418 (b)
445 (sh) 445 (sh) 440 (sh)
3 285 281 285 285
308 334 (b) 324 (b) 324 (b)
500 (b) 473 (b) 492 (b) 474 (b)
4 282 276 265 272
293 290 290 290
419 (b) 418 (b) 412 (b) 414 (b)
5 275 280 Insol. Insol.
290 324
420 (sh) 420 (sh)
6 284 275 285 273
304 327 300 304
424 (b) 427 (b) 420 (b) 428 (b)
453 (sh) 455 (sh) 450 (sh) 460 (sh)u(CO)2(shaH)((bipyridine) complex. Hydrogen atoms of phenyl
nd pyridyl ligands are omitted for clarification.
roup of the shaH moiety was oriented toward the
zomethine nitrogen to form a hydrogen bond (N H
istance = 2.30 A˚).
.3.  Electronic  absorption  spectra
The UV–vis spectra of the shaH2 ligand and
he complexes were measured in various solvents
tetrahydrofuran, CH2Cl2, dimethylformamide, and
6H6)(Table 4). The electronic absorption spectrum of
haH2 consisted of two high intensity bands in the range
62–272 and 352–357 nm, due to –* and n–* tran-
itions, respectively. A bathochromic shift in the –*
lectronic transitions was observed in the complexes,
hile the n–* bands exhibited hypsochromic shift with
 considerable change in absorbance (Table 4). These
rders of shifts in electronic transitions are consistent
ith complex formation. The solvent had a slight effect
n the band positions. All the spectra of the complexes
xhibited bands around 400–500 nm, which could be
ssigned to charge transfer transitions [23]. The spec-
rum of 1 showed a broad absorption band around 400 nm
n all solvents, which could be due to M→L charge
ransfer arising from excitation of an electron from the
etal t2g level to the unfilled molecular orbitals derived
rom the * level of the ligands, in accordance with
he assignments made for similar octahedral ruthenium
II) complexes [5]. Complexes 2–6, however, exhibited
road absorption bands, with shoulders at lower energies
han complex 1. The presence of different acceptor levels
n these complexes may be responsible for the observed
ultiple absorptions [9,24,25].References
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